In this study, two novel narrow bandpass filters (BPF) obtained from the high-resolution transmission molecular absorption (HITRAN) data for a carbon monoxide (CO) non-dispersive infrared (NDIR) analyzer were investigated and compared with a commercial BPF (4.64 µm). The new BPF was made using a two-cavity filter method with different center wavelengths and bandwidths from the commercial BPF. The wavelengths of the two BPFs were 4.5 µm and 4.65 µm. The gas emission pattern of a coal-fired power plant was used as a case study. Various concentrations of target gases were used to theoretically estimate the interference, and to practically determine it. It was found that although the transmittances of the two new BPFs were lower than that of the commercial BPF, the signal-to-noise ratio caused by two novel BPFs was approximately 20. In terms of interference effect, carbon dioxide (CO 2 ) was found as a strong interfering gas on the commercial BPF at 4.64 µm and the new BPF at 4.65 µm. In contrast, the new BPF at 4.5 µm cut off the interference effect of all target gases. The measurement error of the NDIR analyzer applying the BPF at 4.5 µm was similar to that of gas filter correlation (GFC) NDIR and was less than 1%. This indicates that the novel BPF at 4.5 µm can be used instead of a GFC for a CO NDIR analyzer, thus overcoming the limitations of using a GFC.
Introduction
Carbon monoxide (CO), which is produced mainly from the combustion process, is a toxic gas when its concentration is >35 ppm [1] . Besides being a greenhouse gas, CO has an important role in atmospheric chemistry [2] [3] [4] . CO has also been widely considered as a signature means of detecting fires [5, 6] . Therefore, monitoring CO is an important issue. In the monitoring of CO, two main methods have been used: gas chromatographic technologies (e.g., gas chromatography-flame ionization detectors, gas chromatography-electron capture detectors, gas chromatography-mercuric oxide detectors and gas chromatography-mass spectrometry) and spectroscopic technologies (e.g., gas filter correlation (GFC)-NDIR, Fourier-transform infrared spectroscopy, tunable diode laser spectroscopy, and resonance fluorescence) [2] . Among these instruments, NDIR has been widely used for field monitoring of CO because its optics and detecting system are less complicated than that of other instruments [7] . Furthermore, NDIR technique is also suitable for in situ application because it is often less bulky than gas chromatographic technologies. In addition, the GFC-NDIR method is well-known as a standard method for monitoring CO [8] .
The principle of the NDIR technique is based on the Beer-Lambert law [9] ,
where I is the intensity of light after penetrating the target gas, I 0 is the initial intensity from the infrared (IR) source, k is the absorption coefficient for a specific gas and filter combination, C is the concentration of the target gas, L is the path length between the IR source and detector, and kL is defined as the sensitivity of the sensor [10] .
Interference is one of the main issues with the NDIR technique. Figure 1 shows the absorption ratios of several compounds emitted from a coal-fired power plant.
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As shown in Figure 1 , the spectra of NO, NO2, and SO2 overlapped with H2O. Hence, the analysis of these gases using NDIR would result in bias. Likewise, CO2 caused an interference error for CO. To overcome this interference issue, new developments within the NDIR technique have evolved. A review on the development of the NDIR technology can be found elsewhere [12] . The general improvement of the CO NDIR analyzer is shown in Table 1 . Table 1 . Recent studies on CO non-dispersive infrared analysis.
Type of Nondispersive infrared (NDIR)

Application Field Improvement Part Advantages
Analyzer [13] Greenhouse gases from ocean
Coupled with off-axis integrated cavity output spectroscopy to a Weiss-type equilibrator
Fast response due to faster gas equilibration process. Detection limit <40 ppt, high precision, stable
Analyzer [14] Gas emission from a stack
Cross-interference correction with multi-bandpass filter. Using fitted interference functions for nonlinear absorption compounds
High accuracy due to apply fitted interference functions
Sensor [15] Gas emission from combustion engine
Applied broad-spectral lightemitting diodes (LED) in the 3-5 µm wavelength as an infrared (IR) source instead of a laser source LED is lower cost and smaller size than a laser system. The barrier helped to remove thermal insulation. Hence, the size of the sensor was reduced. The i-layer Figure 1 . Absorption ratios of several gases emitted from a coal-fired power plant observed from the high-resolution transmission molecular absorption (HITRAN) database [11] . (The absorption ratio at a spectral line was the fraction of that line's absorption intensity and the maximum adsorption intensity of that gas).
As shown in Figure 1 , the spectra of NO, NO 2 , and SO 2 overlapped with H 2 O. Hence, the analysis of these gases using NDIR would result in bias. Likewise, CO 2 caused an interference error for CO. To overcome this interference issue, new developments within the NDIR technique have evolved. A review on the development of the NDIR technology can be found elsewhere [12] . The general improvement of the CO NDIR analyzer is shown in Table 1 . Although the interference effect is a pivotal issue for the NDIR analyzer, development of the CO NDIR analyzer has not advanced as much as the development of the sensor. The reason is that the GFC is the best available method to compensate for the interference in a CO NDIR analyzer, especially for an unknown emission source. However, the GFC method has limitations, such as gas leaks and a limited correction range [18] . Using a multi-bandpass filter is a good method, but leads to a cost increase, which is another issue. Therefore, this study was carried out to develop a non-interference bandpass filter (BPF) based on the high-resolution transmission molecular absorption (HITRAN) database for a CO NDIR analyzer of a continuous monitoring system. The scope of this study was the gas emission patterns of a coal-fired power plant.
Material and Methods
Apparatus
A GFC-NDIR analyzer (NMA-N500, Nara Controls Inc., Seoul, Korea) was used and modified for this study. Information about the analyzer is shown in Table 2 . Figure 2 depicts the experimental set-up. Standard gases were purchased from Rigas Co., Ltd., Daejeon, Korea, which were produced based on the gravimetric method [19] (ISO 6142-1:2015). Humidity was produced using the bubble method at 25 • C (see Figure 2) . The humidity was measured by a humidity sensor (645, Testo SE & Co. KGaA, Lenzkirch, Germany). Several gas mixtures were also used to investigate the response of the analyzer. A 25-L Tedlar bag (SKC Inc., Pittsburgh, PA, USA) was used to store the mixtures. They were re-checked by a multi-gas analyzer (60i, Thermo Fisher Scientific, Waltham, MA, USA). The experiment was repeated 3 times. The relative standard deviation of the repeated experiments was less than 1%. The transmittances of BPFs were measured using Fourier-transform infrared spectroscopy (FTIR) (MB3000, ABB Group, Mannheim, Germany). 
Investigation of the Non-Interfering Wavelength for CO Gas Emitted from a Coal-Fired Power Plant
A case study on the gases emitted from a coal-fired power plant was conducted. Untreated gases emitted from a coal-fired power plant consist typically of 3 to 4% oxygen, 0-20 ppm of CO, 15 to 16% CO2, 5-7% H2O (vapor), approximately 73% N2, 0-1000 ppm of SO2, and 0-500 ppm of NOx [20, 21] . Therefore, CO, CO2, NOx (NO + NO2), SO2, and H2O (vapor) were used as the target gases in this study. N2O is an interference gas for CO [13, 15] . However, the emission of N2O from the combustion process was not a significant amount [15] . Therefore, the effect of N2O on CO measurement in this case was neglected.
The line-by-line absorption intensity from the HITRAN database [11] (hitran.org; Atomic and Molecular Physics Division, Harvard-Smithsonian Center for Astrophysics, Cambridge, MA, USA) was used as a reference. Since the main infrared (IR) absorption of CO is approximately 4.5 to 5.0 µm (see Figure 1 ), the wavelengths of 2.5 to 10 µm from the HITRAN database were considered. From the line-by-line absorption intensity, the maximum value of each gas was determined. Since different gases demonstrated different absorption levels, the absorption ratio was estimated for easy comparison. For a certain gas, the absorption ratio at a spectral line was the fraction of that line's absorption intensity and the maximum adsorption intensity of that gas. All absorption ratios which were >0.1% (i.e., 99.9% of absorbance) of all target compounds were scanned and matched to find the non-interfering range. Then, novel BPFs based on this range were made by the Seoul Precision Optics Co., Ltd., Shiheung, Korea.
Generally, the absorbance (A) of a gas can be obtained from the transmittance (T) through the following relationship.
From Equations (1) (see Section 1) and (2), the relationship between gas absorbance and its concentration can be derived as
where ε = log(e) × k = 0.43 k.
Since k is the absorption coefficient for a specific gas and filter combination [9] , the transmittance and bandwidth of the BPF should be considered. Within the spectral range of a certain BPF, there are many line-by-line spectra with different absorption intensities. Therefore, a total absorption intensity was calculated. The total absorption intensity of a gas with respect to a certain BPF was calculated to compare the effects of interferences [22] . The total absorption intensity was calculated based on 
A case study on the gases emitted from a coal-fired power plant was conducted. Untreated gases emitted from a coal-fired power plant consist typically of 3 to 4% oxygen, 0-20 ppm of CO, 15 to 16% CO 2 , 5-7% H 2 O (vapor), approximately 73% N 2 , 0-1000 ppm of SO 2 , and 0-500 ppm of NO x [20, 21] . Therefore, CO, CO 2 , NO x (NO + NO 2 ), SO 2 , and H 2 O (vapor) were used as the target gases in this study. N 2 O is an interference gas for CO [13, 15] . However, the emission of N 2 O from the combustion process was not a significant amount [15] . Therefore, the effect of N 2 O on CO measurement in this case was neglected.
From Equations (1) (see Section 1) and (2), the relationship between gas absorbance and its concentration can be derived as A = log (I 0 /I) = εCL
Since k is the absorption coefficient for a specific gas and filter combination [9] , the transmittance and bandwidth of the BPF should be considered. Within the spectral range of a certain BPF, there are many line-by-line spectra with different absorption intensities. Therefore, a total absorption intensity was calculated. The total absorption intensity of a gas with respect to a certain BPF was calculated to compare the effects of interferences [22] . The total absorption intensity was calculated based on Equation (4). The average transmittance was used because the transmittance displayed in the line-by-line spectra varied within the BPF spectral range. Therefore, using the average transmittance was better than using the maximum transmittance.
a i is the integration of all line-by-line absorption intensities from HITRAN database of each gas from line 1 to line n within each BPF spectral range (cm −1 /molecule.cm −2 ), N gas is the number of molecules of that gas (i.e., the number of molecules was converted from the concentration because the absorption intensity from HITRAN was calculated based on molecule) (molecule), T' is the average transmittance of the BPF (unitless) and L is the optical pathlength of the gas chamber (cm).
On the other hand, the signal-to-noise ratio (S/N), which is a more useful variable than only noise, is also an important factor in determining the quality of an instrument [23, 24] . S/N should be higher than 3 in order to detect a signal [24] . The S/N depends on many factors. In terms of the BPF, the S/N caused by the BPF is proportional to the detectivity of the detector, which is presented through the following equation [23, 25] 
where S/N is the signal-to-noise ratio, D* is the detectivity of the detector, A d is the active area of the detector, P in is the IR intensity reaching the detector, and ∆f is the bandwidth. Since the same detector and IR source were always used for all experiments, the S/N fraction of the 2 BPFs could be derived as follows:
where ∆f BPF1 and ∆f BPF2 are the bandwidths of bandpass filter 1 (BPF 1 ) and bandpass filter 2 (BPF 2 ), respectively and T 1 and T 2 are the average transmittances of BPF 1 and BPF 2 , respectively. The average transmittance was employed instead of the radiant input because an identical IR source was used to supply the same IR radiant. In this equation, the bandwidth is the most important factor because the bandwidths of new BPFs were much lower than that of the commercial one while their transmittances were not much different. For a direct current (DC) signal, S/N can be practically observed from a variety of signals as follows [24] .
where S is the mean of signal and σ S is the signal standard deviation. Accordingly, the sensitivity, theoretical and experimental interference, and theoretical and experimental S/N of the 2 new BPFs and a commercial BPF were evaluated and compared.
Production of Novel BPFs
The new BPFs were made based on the results from Section 2.2. The novelty of these BPFs was their center wavelength and bandwidth. In general, BPFs at 4.64 µm or 4.75 µm have been widely used for CO analysis using the NDIR techniques, whereas the new BPFs had wavelengths of 4.5 and 4.65 µm. In addition, the bandwidths of new BPFs were narrower than those of the commercial BPFs. The optical properties of the new BPFs will be introduced in more detail in Section 3.1. Two-cavity filter method was used to make the new BPFs with Germanium substrate and SiO coating material.
Investigation of the Effect of Interfering Gas on the Novel BPFs
A commercial BPF at 4.64 µm (180 nm) (NBPF 4.64; Seoul Precision Optics Co., Ltd., Shiheung, Korea) was selected to compare with the new BPFs. The description of the novel BPF will be introduced in more details in Section 3.1. Each BPF was applied to the NDIR analyzer to investigate its performance. Various concentrations of target gases were introduced into the analyzer to investigate the interference. The N 2 gas (99.999%, Dong A Co., Ltd., Gyeonggi, Korea) and CO standard gases at 10, 50, 100, and 298 ppm (Rigas Co., Ltd., Daejeon, Korea) were used to calibrate the analyzer. Based on the literature [20, 21] , the NO, NO 2 , and SO 2 levels were varied from 1 to 1000 ppm (Rigas Co., Ltd., Daejeon, Korea), and CO 2 levels were varied from 1 to 50% (Rigas Co., Ltd., Daejeon, Korea) to investigate the interference effect. In general, a cooler or a membrane is usually used to remove the H 2 O vapor before introducing the gas stream into the analyzer. Hence, it was presumed that the inlet air of the analyzer would be dry. However, these instruments could not completely remove all H 2 O vapor. Accordingly, we assumed that the inlet H 2 O vapor concentration of the analyzer was less than 25,800 ppm at 25 ± 2 • C. The H 2 O vapor levels, which were directly introduced into the analyzer, were varied from 1400 to 23,000 at 25 • C in this study.
Several gas mixtures were also used to investigate the performance of the analyzer with the original structure (i.e., GFC-NDIR), the novel BPF, and the BPF at 4.64 µm. Based on the Korean emission regulations for a new coal-fired power plant, the SO 2 and NO x concentrations should be ≤50 ppm [26] . Moreover, CO and CO 2 concentrations were selected based on the literature [20, 21] because there were no emission regulations for these gases. Consequently, gas mixtures consisting of CO (10, 100, and 200 ppm), NO (50 ppm), CO 2 (15%), NO 2 (50 ppm), SO 2 (50 ppm), and H 2 O (~14,360 ppm) were generated and introduced into the analyzer to determine the measurement errors. The measurement errors were obtained from the relative percent difference between the standard gas and the analytical results. NO, CO, NO 2 , and SO 2 were diluted from 2000 ppm of the standard gases (Rigas Co., Ltd., Daejeon, Korea). CO 2 was diluted from 50% of the standard gas (Rigas Co., Ltd., Daejeon, Korea). H 2 O was diluted from 80% of relative humidity. N 2 was used as the balancing gas. A 25-L Tedlar bag was used to prepare gas mixtures. N 2 was introduced into the Tedlar bag with the flow rate controlled by a mass flow controller (M3030VA, Line Tech Ltd., Co., Daejeon, Korea). Standard gas samples were introduced into the Teblar bag with a 500 mL glass syringe (500MAR-LL-GT, SGE Analytical Science Pty. Ltd., Ringwood, Australia). Each gas was introduced into the NDIR analyzer for 15 min. Results from the first 5 min were ignored due to equilibrium concentration in the analyzer. The values from the last 10 min were collected. Each experiment was repeated 3 times. The signal was recorded every second. The relative absorbance of each gas was practically calculated based on the log of the detector signal from the reference channel to the detector signal from the CO channel.
Results and Discussion
Non-Interfering Wavelengths for CO Gas Emitted From a Coal-Fired Power Plant
From the HITRAN, the non-interfering wavelengths for CO in the presence of CO 2 , NO x , SO 2 , and H 2 O were found to be in the range of 4.76-4.78 (bandwidth = 20 nm), 4.55-4.75 (bandwidth = 200 nm), and 4.46-4.54 µm (bandwidth = 80 nm). Due to technical limitations, a new BPF at 4.5 µm (i.e., BPF_1) with a half bandwidth of 50 nm and a new BPF at 4.65 µm (i.e., BPF_2) with a half bandwidth of 60 nm were manufactured. In general, a BPF filter consists a sort of thin-film layers. The bandwidth of the BPF depends on the number of layers. The more thin-film layers there are, the narrower the bandwidth of the BPF is. However, the transmittance of the BPF is also influenced by the BPF thickness and the tolerance of the coating process [27] . Therefore, it is a challenge to reduce the bandwidth as much as the values above while maintaining a high transmittance. The transmittance should be high enough to retain a good S/N ratio for the analyzer. The commercial BPF at 4.64 µm with a half bandwidth of 180 nm was labelled as BPF_3. The transmittances of three BPFs are presented in Figure 3 . As shown in Figure 3 , the full bandwidth at transmittance ≥0.1% of the two new BPFs was much narrower than that of BPF_3. The full bandwidths of the BPF_1, BPF_2, and BPF_3 were 141, 262, and 567 nm, respectively. Table 3 shows a summary of the specifications for each BPF. The maximum transmittances of the BPF_1 and BPF_2 did not differ greatly from that of BPF_3. The average transmittances of BPF_1, BPF_2, and BPF_3 were 26.8%, 24.6%, and 27%, respectively. With the optical path length of 8 m, the values for sensitivity kL of BPF_1, BPF_2, and BPF_3 were 5.45 × 10 −16 , 1.82 × 10 −15 , and 2.19 × 10 −15 (1/molecule·cm −2 ) respectively. This indicates that the sensitivity of BPF_3 was four times higher than that of BPF_1 and 1.2 times higher than that of BPF_2. However, the theoretical fraction of S/NBPF_3 to S/NBPF_1 was only 0.50, and that of S/NBPF_3 to S/NBPF_2 was only 0.74. The theoretical S/NBPF_3 was not much different from the new BPFs because its average transmittances were similar to that of others. From Equation (7), the practical S/N of BPF_1, BPF_2, and BPF_3 were calculated as 20.0, 19.6, and 49.7, respectively. In the experimental results, the S/N caused by BPF_3 was approximately 2.5 times higher than that caused by BPF_1 and BPF_2 due to their relatively lower values for maximum transmittance. However, these S/N values were much higher than 3. Therefore, these new BPFs can be applicable [24] . Although BPF_1 and BPF_2 were made with very narrow half bandwidths, their real full bandwidth was still over the range estimated from HITRAN. Hence, the theoretical and practical interference should be investigated. The theoretical interference is discussed in this section. The practical interference will be discussed in Section 3.2. Based on the absorption intensity from HITRAN, the optical path length of the analyzer, the average transmittance of BPFs, and the various concentrations of target gases, the total absorption intensity of each gas was evaluated. These values are depicted in Figure 4 . As shown in Figure 3 , the full bandwidth at transmittance ≥0.1% of the two new BPFs was much narrower than that of BPF_3. The full bandwidths of the BPF_1, BPF_2, and BPF_3 were 141, 262, and 567 nm, respectively. Table 3 shows a summary of the specifications for each BPF. The maximum transmittances of the BPF_1 and BPF_2 did not differ greatly from that of BPF_3. The average transmittances of BPF_1, BPF_2, and BPF_3 were 26.8%, 24.6%, and 27%, respectively. With the optical path length of 8 m, the values for sensitivity kL of BPF_1, BPF_2, and BPF_3 were 5.45 × 10 −16 , 1.82 × 10 −15 , and 2.19 × 10 −15 (1/molecule·cm −2 ) respectively. This indicates that the sensitivity of BPF_3 was four times higher than that of BPF_1 and 1.2 times higher than that of BPF_2. However, the theoretical fraction of S/N BPF_3 to S/N BPF_1 was only 0.50, and that of S/N BPF_3 to S/N BPF_2 was only 0.74. The theoretical S/N BPF_3 was not much different from the new BPFs because its average transmittances were similar to that of others. From Equation (7), the practical S/N of BPF_1, BPF_2, and BPF_3 were calculated as 20.0, 19.6, and 49.7, respectively. In the experimental results, the S/N caused by BPF_3 was approximately 2.5 times higher than that caused by BPF_1 and BPF_2 due to their relatively lower values for maximum transmittance. However, these S/N values were much higher than 3. Therefore, these new BPFs can be applicable [24] . Although BPF_1 and BPF_2 were made with very narrow half bandwidths, their real full bandwidth was still over the range estimated from HITRAN. Hence, the theoretical and practical interference should be investigated. The theoretical interference is discussed in this section. The practical interference will be discussed in Section 3.2. Based on the absorption intensity from HITRAN, the optical path length of the analyzer, the average transmittance of BPFs, and the various concentrations of target gases, the total absorption intensity of each gas was evaluated. These values are depicted in Figure 4 . . Total absorption intensity of CO, NO, NO2, SO2, CO2, and H2O. The concentration of CO was from 1 to 298 ppm; that of NO, NO2, and SO2 was from 1 to 1000 ppm; that of CO2 was from 10,000 to 500,000 ppm; and that of H2O was from 1431 ppm to 22,972 ppm at 25 °C, 1 atm.
As shown in Figure 4 , NO, NO2, and SO2 did not reveal significant effects on any BPFs. H2O had a slight effect on BPF_2 at low concentrations of CO. CO2 showed a strong effect on CO measurement. This cross-interference between CO and CO2 is well-known [13] [14] [15] . The CO2 gas demonstrated a strong effect on BPF_3 because the linear regression of CO2 was the closest to that of CO (i.e., the slope between two curves was 2.3 × 10 −4 ). In contrast, CO2 showed less effect on BPF_1 and BPF_2. At 50% CO2, the slope between two curves at BPF_1 was about 0.074 and that at BPF_2 was approximately 0.017. This indicates that BPF_1 reduced more interference effect than the other two BPFs.
The interference ratios caused by mixing gases were also estimated. The concentration of target gases in the mixture was described in Section 2.3. The interference ratios are depicted in Figure 5 . As shown in Figure 4 , NO, NO 2 , and SO 2 did not reveal significant effects on any BPFs. H 2 O had a slight effect on BPF_2 at low concentrations of CO. CO 2 showed a strong effect on CO measurement. This cross-interference between CO and CO 2 is well-known [13] [14] [15] . The CO 2 gas demonstrated a strong effect on BPF_3 because the linear regression of CO 2 was the closest to that of CO (i.e., the slope between two curves was 2.3 × 10 −4 ). In contrast, CO 2 showed less effect on BPF_1 and BPF_2. At 50% CO 2 , the slope between two curves at BPF_1 was about 0.074 and that at BPF_2 was approximately 0.017. This indicates that BPF_1 reduced more interference effect than the other two BPFs.
The interference ratios caused by mixing gases were also estimated. The concentration of target gases in the mixture was described in Section 2.3. The interference ratios are depicted in Figure 5 .
Atmosphere 2018, 9, x FOR PEER REVIEW 8 of 14 Figure 4 . Total absorption intensity of CO, NO, NO2, SO2, CO2, and H2O. The concentration of CO was from 1 to 298 ppm; that of NO, NO2, and SO2 was from 1 to 1000 ppm; that of CO2 was from 10,000 to 500,000 ppm; and that of H2O was from 1431 ppm to 22,972 ppm at 25 °C, 1 atm.
The interference ratios caused by mixing gases were also estimated. The concentration of target gases in the mixture was described in Section 2.3. The interference ratios are depicted in Figure 5 . As shown in Figure 5 , at 10 ppm of CO, CO 2 revealed significant interference on all BPFs. However, the lowest effect appeared on BPF_1. On the other hand, H 2 O showed significant effects on BPF_2. The higher the CO concentration, the lower the effect of CO 2 . At 100 ppm of CO, CO 2 denoted the lowest effect on BPF_1, followed by BPF_2 and BPF_3. At 200 ppm of CO, CO 2 showed less effect on both of BPF_1 and BPF_2. In all cases, CO 2 demonstrated significant effects on BPF_3. In terms of H 2 O, significant effects on all BPFs could not be found at high CO concentrations. Although the full bandwidth was large, BPF_1 compensated more for the interference effect of CO 2 and H 2 O than the other two BPFs.
Effect of Target Gases on the Novel BPFs
Various concentrations of a single target gas were used to determine the real interference effect on new BPFs, as well as the commercial BPF. The CO calibration curves are presented in Figure 6 . Relative absorbances were calculated from the log of ratio values between detector signals from the reference channel (i.e., reference BPF at 3.95 µm) and detector signals of the CO measurement channel (i.e., BPF of CO gas). It was found that all BPFs showed good performance in terms of calibration (r 2 > 0.99).
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As shown in Figure 5 , at 10 ppm of CO, CO2 revealed significant interference on all BPFs. However, the lowest effect appeared on BPF_1. On the other hand, H2O showed significant effects on BPF_2. The higher the CO concentration, the lower the effect of CO2. At 100 ppm of CO, CO2 denoted the lowest effect on BPF_1, followed by BPF_2 and BPF_3. At 200 ppm of CO, CO2 showed less effect on both of BPF_1 and BPF_2. In all cases, CO2 demonstrated significant effects on BPF_3. In terms of H2O, significant effects on all BPFs could not be found at high CO concentrations. Although the full bandwidth was large, BPF_1 compensated more for the interference effect of CO2 and H2O than the other two BPFs.
Various concentrations of a single target gas were used to determine the real interference effect on new BPFs, as well as the commercial BPF. The CO calibration curves are presented in Figure 6 . Relative absorbances were calculated from the log of ratio values between detector signals from the reference channel (i.e., reference BPF at 3.95 µm) and detector signals of the CO measurement channel (i.e., BPF of CO gas). It was found that all BPFs showed good performance in terms of calibration (r 2 > 0.99). The SO2, NO2, and NO gas concentrations were varied at the following values: 1, 10, 50, 100, 200, 300, 400, 500, 600, 700, 800, 900 and 1000 ppm. The CO2 concentrations were varied as 1%, 2%, 3%, 4%, 6%, 10%, 12%, 23% and 50%. The H2O (vapor) was varied as 5%, 10%, 20%, 30%, 40%, 50%, 60%, 70% and 80% of relative humidity at 25 °C (i.e., from 1400 to 23,000 ppm). The interference of target gases on each BPF is depicted in Figures 7-9 .
As shown in Figure 7 , BPF_1 was not significantly affected by NO, NO2, or SO2. This pattern was similar to that of the theoretical estimation. On the other hand, H2O and CO2 revealed effects at low ppm concentrations (i.e., 10 ppm) of CO in the theoretical estimation, but the experimental results did not show these effects of these gases.
As shown in Figure 8 , NO, NO2, and H2O did not demonstrate interference effects on BPF_2. In contrast, a slightly negative effect caused by SO2 was found. Particularly, CO2 revealed strong effects on BPF_2. The effect of CO2 was stronger on BPF_2 than on BPF_1 because BPF_2 had a larger bandwidth than BPF_1, and the total CO absorption intensity in this band was higher than that of BPF_1. BPF_3 was also strongly affected by CO2 (Figure 9 ). At 50% of CO2, the error concentration of CO was about 50 ppm. The large bandwidth of BPF_3 brought about the high absorption of CO2. However, the effect of CO2 on BPF_3 was weaker than that on BPF_2 because the CO absorption intensity of BPF_3 was the highest (i.e., largest full bandwidth) based on HITRAN data. This pattern was a little different from the theoretical evaluation, which showed a stronger effect of CO2 on BPF_3 than BPF_2. This difference might be a result of their different transmittance values. The maximum and average transmittance of BPF_3 were higher than those of BPF_2. Moreover, due to the multipathway gas chamber of the analyzer, this gap increased many times after the IR beam had reached to the detector. When the same IR source and detector were used, IR intensity which reached to the detector with BPF_3 would be higher than that with BPF_2. Based on Beer-Lambert law, the detector with BPF_2 would be more sensitive to CO and CO2 gases than that with BPF_3. This resulted in the The SO 2 , NO 2 , and NO gas concentrations were varied at the following values: 1, 10, 50, 100, 200, 300, 400, 500, 600, 700, 800, 900 and 1000 ppm. The CO 2 concentrations were varied as 1%, 2%, 3%, 4%, 6%, 10%, 12%, 23% and 50%. The H 2 O (vapor) was varied as 5%, 10%, 20%, 30%, 40%, 50%, 60%, 70% and 80% of relative humidity at 25 • C (i.e., from 1400 to 23,000 ppm). The interference of target gases on each BPF is depicted in Figures 7-9 .
As shown in Figure 7 , BPF_1 was not significantly affected by NO, NO 2 , or SO 2 . This pattern was similar to that of the theoretical estimation. On the other hand, H 2 O and CO 2 revealed effects at low ppm concentrations (i.e., 10 ppm) of CO in the theoretical estimation, but the experimental results did not show these effects of these gases.
As shown in Figure 8 , NO, NO 2 , and H 2 O did not demonstrate interference effects on BPF_2. In contrast, a slightly negative effect caused by SO 2 was found. Particularly, CO 2 revealed strong effects on BPF_2. The effect of CO 2 was stronger on BPF_2 than on BPF_1 because BPF_2 had a larger bandwidth than BPF_1, and the total CO absorption intensity in this band was higher than that of BPF_1. BPF_3 was also strongly affected by CO 2 (Figure 9 ). At 50% of CO 2 , the error concentration of CO was about 50 ppm. The large bandwidth of BPF_3 brought about the high absorption of CO 2 . However, the effect of CO 2 on BPF_3 was weaker than that on BPF_2 because the CO absorption intensity of BPF_3 was the highest (i.e., largest full bandwidth) based on HITRAN data. This pattern was a little different from the theoretical evaluation, which showed a stronger effect of CO 2 on BPF_3 than BPF_2. This difference might be a result of their different transmittance values. The maximum and average transmittance of BPF_3 were higher than those of BPF_2. Moreover, due to the multi-pathway gas chamber of the analyzer, this gap increased many times after the IR beam had reached to the detector. When the same IR source and detector were used, IR intensity which reached to the detector with BPF_3 would be higher than that with BPF_2. Based on Beer-Lambert law, the detector with BPF_2 would be more sensitive to CO and CO 2 gases than that with BPF_3. This resulted in the increase of the effect of the CO 2 . In addition, the errors in the HITRAN data and the observed bandwidth of BPF by the Fourier-transform infrared spectroscopy (FITR) might also cause this bias.
An example of the analyzer signal with respect to the interference of CO 2 is presented in Figure 10 . Linear regression of these analyzer signals was also estimated to compare their patterns. As shown in the figure, the analyzer signals with respect to BPF_2 and BPF_3 denoted an increase pattern (i.e., positive slope, r 2 = 0.7224 and 0.2938 respectively). In addition, the response of the analyzer with respect to BPF_2 for CO 2 was very clear compared to that of BPF_3 (i.e., slope = 2 × 10 −4 > 4 × 10 −6 ). In terms of using BPF_1, the signal was not influenced by CO 2 (i.e., the slope was almost zero and r 2 << 1).
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These results indicate that the new BPF_1 can be applied to the CO NDIR analyzer instead of a GFC to compensate for the interference effect, especially for CO 2 . BPF_1 has the added advantage of having no leak problems. In addition, our test results showed that BPF_1 had a good performance with up to 50% CO 2 and up to 1000 ppm NO x and SO 2 . Therefore, it can be applied to monitor CO emission from a power plant as well as the combustion process. Although the new BPF could overcome some disadvantage of the GFC, the center wavelength of the new BPF was different to that of the reference BPF (i.e., 3.95 µm). Consequently, drift due to aging of IR source or detector and various of temperature would still occur [28] . Based on Planck's law, spectral intensity at a certain wavelength depends on temperature. When temperature varied, the IR intensity penetrated the reference BPF and target gas BPF would change, which resulted in changing the ratio between reference channel and measurement channel at the same target gas concentration and pressure. Hence, the base line of the analyzer would shift, which leads to increase the analyzer bias [26] . Accordingly, the effect of temperature as well as a new reference method on the analyzer should be investigated in the future.
Conclusions
A HITRAN database was used to investigate the non-interference wavelength for CO analysis using NDIR technology. The non-interference wavelength was determined with respect to the gas emission patterns of a coal-fired power plant. As a result, two new BPFs at 4.5 µm (with a half bandwidth of 50 nm) and 4.65 µm (with half bandwidth of 60 nm) were developed. The S/N ratios of the NDIR analyzer when the new BPFs were applied were approximately 20. In terms of interference compensation, the BPF at 4.5 µm was found to remove the effect of CO 2 up to 50% and that of NO x and SO 2 up to 1000 ppm. The measurement errors of the NDIR coupled with BPF_1 were similar to those of a GFC-NDIR analyzer, showing less than 1%. Therefore, BPF_1 can be used instead of the GFC for a NDIR analyzer to monitor gas emission from any combustion process for which the main components include NO x , CO 2 , CO, SO 2 , O 2 and H 2 O. In terms of BPF_2, since its full bandwidth was still large, a narrower bandwidth of BPF_2 should be produced, and its performance should be investigated with interference gases in the further work. Although the price of the filter was high, its price will decrease in the end due to the increase of demand and the improvement of technology. The effect of temperature and new reference method should be investigated in future work. The investigation of BPFs for other compounds which typically require the use of a GFC for the NDIR analyzer would be a new direction in this NDIR field.
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